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Abstract
Objectives This study investigated the effect of smooth and
rough titanium surface topographies on macrophage polariza-
tion and their influence on gingival fibroblast behavior cul-
tured on titanium surfaces.
Materials and methods RAW 264.7 macrophages were seed-
ed on smooth (pickled titanium (PT)) and rough Sand-blasted
with Large grit particles followed by Acid-etching (SLA) ti-
tanium surfaces and first investigated for macrophage polari-
zation towards tissue-inflammatory M1 macrophages or
wound-healing M2 macrophages. Thereafter, culture media
collected from macrophages on both surfaces were cultured
with gingival fibroblasts seeded on their respective topogra-
phies. All experiments were performed in triplicate with three
independent experiments.
Results Macrophages seeded on SLA surfaces polarized to-
wards tissue-inflammatory M1 macrophages at early time
points. Immunofluorescent staining and RT-PCR analysis
demonstrated higher levels of iNOS and gene expression of
IL-1β, IL-6, and TNF-alpha on SLA surfaces at 3 days when
compared to both tissue culture plastic (TCP) and PT surfaces
(p < 0.001). Very little differences were found between
smooth PTsurfaces and TCP. Interestingly, proliferation assay
(CCK-8) suggested that conditioned media (CM) from mac-
rophages seeded on SLA surfaces drastically inhibited gingi-
val fibroblast proliferation at 3 and 5 days (p < 0.001).
Meanwhile, CM frommacrophages cultured on SLA surfaces
also significantly reduced collagen 1 synthesis on SLA sur-
faces at 14 days as assessed by immunofluorescent staining
(p < 0.001).
Conclusion The results from this study demonstrate that the
polarization of macrophages towards a pro-inflammatory
(M1) phenotype on SLA surfaces may have a negative impact
on gingival fibroblast behavior on titanium surfaces. Future
strategies to better modulate macrophage polarization should
be investigated to support a favorable immune response and
encourage tissue integration.
Clinical relevance As SLA surfaces have a potential to shift
macrophages towards tissue-inflammatory M1 macrophages,
this might be a negative impact for soft tissue healing.
Therefore, SLA surfaces should be kept within the bone, as
when in contact with soft tissue, they are prone to support a
lack of soft tissue integration leading to inflammation.
Keywords Macrophages .M1 andM2polarization . Immune
response . Surface topography . Dental implants
Introduction
The host-material interface between a biomaterial and a living
organism is a complex but crucial interface largely dictating
the fate of material tissue integration [1]. At the center of these
interactions are immune cells, a group of cells responsible for
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orchestrating various cell types involved in either material
biocompatibility or material rejection [1]. Macrophages are
key contributors towards the immune response to foreign ma-
terials with the ability to promote either a tissue-inflammatory
(M1 macrophages) or tissue wound healing microenviron-
ment (M2 macrophages). Despite their importance in tissue
homeostasis, their study as it relates to biomaterials has been
largely omitted over the years [1].
Dental implants are commonly fabricated utilizing com-
mercially pure titanium, a highly biocompatible material with
long-term success rates routinely found over 90% [2–5].
Despite this, it remains intriguing that to this day, a small
percentage of dental implants is lost every year for completely
unknown reasons non-related to material failure, and peri-
implant infections including peri-implant mucositis and peri-
implantitis are continuously rising [6]. It has been reported
that the frequencies of the peri-implant mucositis and peri-
implantitis have been reported as high as 54 and 28%, respec-
tively [7]. In order to achieve long-term stability of dental
implants, peri-implant soft tissue healing is considered a cru-
cial factor due to its function as a barrier from the oral cavity
and their associated microbes [8–10]. A quality soft tissue seal
is further necessary to prevent gingival recession or, in the
worst case, biomaterial loss [8–10].
Human gingival fibroblasts (HGFs) play a prominent role
in soft tissues around dental implants and act as the major cell
type responsible for creating a functional seal from the outside
mucosa [8–10]. Several studies have noted that the adhesion
and function of HGFs on titaniummay be further regulated by
substratum surface topography [11–23]. While both smooth
and rough surfaces have typically been shown to alter fibro-
blast spreading and contribute to the formation of a continuous
collagenous matrix [17], their inter-play with immune cells
has not yet been characterized.
To date, studies of immune cells (mainly macrophages)
have demonstrated that additional titanium surface roughness
tends to promote an increase in M1 pro-inflammatory macro-
phages by secreting higher levels of M1 pro-inflammatory
cytokines including tumor necrosis factor alpha (TNF-α),
interleukin-6 (IL-6), and interleukin-1β (IL-1β) [24–30]. A
hydrophilic moderately rough titanium surface with
nanotopography (modSLA) tends to modulate the inflamma-
tory response and promote the polarization of macrophages
towards an M2 phenotype both in vitro and in vivo [31, 32].
While these studies have shown that surface topography in-
fluences macrophage polarization and their secretion of pro-
or anti-inflammatory cytokines [28], very little is known
concerning how this microenvironment might affect fibroblast
behavior and soft tissue connective tissue attachment: a cru-
cial necessity for dental implant longevity and success.
Therefore, the purpose of this study is twofold: first, the
effect of titanium surface topography was investigated on
macrophage polarization towards either an M1 or M2
phenotype. Thereafter, conditioned media (CM) collected
from macrophages seeded on various titanium surfaces was
harvested and cultured with HGFs grown on respective
smooth and rough titanium surfaces. The effect of CM was
investigated on HGF cell adhesion, spreading, proliferation,
inflammatory pathway, as well as the ability for HGFs to form
a confluent collagen matrix spanning the entire titanium
surface.
Materials and methods
Preparation of PT and SLA titanium discs
Commercially pure grade 4 titanium was used to fabricate (1)
pickled titanium (PT) and (2) Sand-blasted with Large grit
particles followed by Acid-etching (SLA) surfaces. Fifteen-
millimeter-diameter titanium discs were provided by
Straumann AG (Basel, Switzerland) that fit directly into the
bottom of 24-well culture plates. Briefly, smooth PT surfaces
were prepared using dilute nitric acid to clean the surfaces,
followed by washing in reverse osmosis purified water.
Roughened SLA topography surfaces were prepared by
blasting the titanium with corundum particles, followed by
etching with HCl/H2SO4.
Cell culture
The murine-derived macrophage cell line RAW 264.7 (China
Center for Type Culture Collection (CCTCC)) and HGFswere
used in this study. For macrophage experiments, RAW 264.7
cells were seeded on (1) tissue culture plastic (TCP), (2) PT
surfaces, or (3) SLA surfaces in 24-well plates containing
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (HyClone, Thermo Fisher Scientific Inc) at
37 °C in a humidified 5% CO2 atmosphere.
HGFs were obtained from young healthy donors undergo-
ing wisdom tooth extraction, without periodontal diseases as
previously described [33]. All volunteers signed an ethical
approval and gave full consent in agreement with the IRB
committee at the University of Wuhan, China. Collected tis-
sues were washed three times with phosphate-buffered saline
(PBS; 150 mM NaCl, 20 mM sodium phosphate pH 7.2) sup-
plemented with 1% penicillin/streptomycin and cut into small
pieces with sterilized surgical scissors. The gingival tissue
pieces were then transferred into T25 tissue culture flasks
containing minimal DMEM and were allowed to adhere for
2 h and then replaced by DMEM containing 20% fetal bovine
serum and 1% penicillin/streptomycin. After 1 week when
cells reached confluency, cells were sub-cultured using trypsin
and cultured in DMEMwith 10% fetal bovine serum. All cells
848 Clin Oral Invest (2018) 22:847–857
between the third and seventh passage were used for experi-
ments utilizing HGFs.
Collection of conditioned media
As macrophages cultured on titanium release pro- and anti-
inflammatory cytokines in the culture media, this could repre-
sent a way to target the growth factors that could potentially be
released around implant surfaces in vivo creating either a pro-
or an anti-inflammatory microenvironment. Thereafter, gingi-
val fibroblasts were cultured in this conditioned media that
could better mimic the in vivo response towards when fibro-
blasts contact implant surfaces.
RAW 264.7 cells were cultured on TCP, PT, and SLA sur-
faces in the 24-well plates at a density of 105 cells per well. For
CM experiments, RAW cells were cultured on the various
topographies for 3 days and CM was then collected and cen-
trifuged at 1500 rpm for 20 min at 4 °C, and frozen at −80 °C
until experimental seeding.
Adhesion and proliferation assay of RAW 264.7 cells
cultured on titanium surfaces
RAW 264.7 cells were seeded on TCP, PT, and SLA surfaces
in 24-well plates at a density of 2 × 104 cells per well. At time
points 2, 4, and 8 h for cell adhesion and 1 and 3 days for cell
proliferation, a Cell CountingKit-8 (Dojindo, Japan) was used
to determine cell numbers as previously described [34]. After
incubation for 1.5 h, complete culture medium with 10%
CCK-8 was removed and washed three times with PBS, then
replaced with a culture medium. The absorbance was mea-
sured using a microplate reader scanning at 450 nm
(PowerWave XS2, BioTek, Winooski, VT, USA). Samples
were performed in triplicate with three independent experi-
ments performed.
Inflammatory gene expression of RAW 264.7 cells
cultured on titanium surfaces
RAW 264.7 were cultured on the TCP, PT, and SLA surfaces in
24-well plates at a density of 105 cells perwell for real-time PCR
experiments. Total RNAwas extracted from RAW 264.7 after
3 days using AxyPrep™Multisource Total RNAMiniprep Kit
(Axygen,UnionCity,CAUSA)according to themanufacturer’s
instruction. The RNA concentration was measured using a
NanoDrop 2000 UV-Vis Spectrophotometer as previously de-
scribed [35]. Thereafter, 1μgof total RNAwas used for comple-
mentary DNA (cDNA) synthesis using a Transcriptor First
Strand cDNA Synthesis Kit (Roche, Basel, Switzerland).
RT-PCR primers including inflammatory-related cytokines
such as TNF-α, IL-6, IL-1β, and GAPDH genes were utilized
in this study (listed in Table 1). RT-PCR was performed using
25-μl final reaction volume of QuantiFast™ SYBR Green
PCR Kit (QIAGEN, Venlo, Holland), and the target gene ex-
pression was assayed on a CFX Connect™ Real-Time PCR
Detection System. The delta-delta Ct method was used to
calculate gene expression levels relative to housekeeping gene
GAPDH and normalized to control cells (TCP group). Each
sample contained pooled messenger RNA (mRNA) collected
from three titanium surfaces, and all samples were log trans-
formed. The experiments were performed in triplicate with
three independent experiments.
M1 and M2 surface marker changes of RAW 264.7 cells
cultured on titanium surfaces
Immunofluorescence assay was used to reveal the expression
of M1 and M2 cell surface markers inducible nitric oxide
synthase (iNOS) and CD206, respectively. Briefly, RAW
264.7 were cultured in 12-well plates at a density of 2 × 104
cells per well. After 3 days, the cells were rinsed three times
with PBS and fixed in 4% formaldehyde for 15 min. Cells
were then incubated with primary antibody iNOS (1:100,
Santa Cruz, USA) and CD206 (1:100, Santa Cruz, USA)
(both IgG1 FAB fragment, kappa light chain), respectively,
diluted in PBS containing 2% bovine serum albumin (BSA,
Roche) for 1 h, followed by incubating with the secondary
antibody FITC-conjugated goat anti-rabbit (1:200,
Invitrogen) for 1 h. Thereafter, 4′,6-diamidino-2-phenylindole
(DAPI) was added for visualizing the cell nuclei as previously
described [36]. Images were taken on an Olympus DP71 fluo-
rescence microscope (Olympus Co, Japan).
Adhesion assay of human gingival fibroblasts cultured
on titanium surfaces with conditioned media
from macrophages
HGFs were seeded at a density of 2.5 × 104 cells per well on
(1) TCP, (2) PT, and (3) SLA surfaces in 12-well plates with or
without CM and cultured for 2, 4, and 8 h for the adhesion
assay. For counting the cell number, DAPI was applied to
visualize the nuclei as previously described [36]. At each time
point, cells were rinsed with PBS three times to remove the
unattached cells and fixed in 4% formaldehyde for 10 min
followed by staining with DAPI. Images were taken on an
Olympus DP71 fluorescence microscope (Olympus Co,
Japan). Ten fields of view were taken per sample at random
and nuclei were counted using the ImageJ software
(Maryland, USA).
Human gingival fibroblast morphology cultured
on titanium surfaces with conditioned media
from macrophages
HGFs were seeded on TCP, PT, and SLA in 12-well plates at a
density of 2.5 × 104 cells per well either with or without CM.
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At time point 2, 4, 8, and 24 h, cells were fixed in 4% form-
aldehyde for 10 min followed by rinsing with PBS. Five mi-
crograms per milliliter phalloidin-FITC (Sigma-Aldrich) was
used to show the morphology of cells as previously described
[37]. Then DAPI was used to visualize the nuclei. For each
group, images were taken on an Olympus DP71 fluorescence
microscope (Olympus Co, Japan) and compared for morpho-
logical differences. The average surface area of cells was mea-
sured using the ImageJ software (Maryland, USA).
Proliferation assay of human gingival fibroblasts cultured
on titanium surfaces with conditioned media
from macrophages
HGFs were seeded on TCP, PT, and SLA surfaces in 24-well
plates at a density of 1 × 104 cells per well either with or
without CM. At time point 1, 3, and 5 days, Cell Counting
Kit-8 (Dojindo, Japan) was used to investigate cell prolifera-
tion as previously described [34]. The experiments were per-
formed in triplicate with three independent experiments
performed.
Adhesion-related gene expression of human gingival
fibroblasts cultured on titanium surfaces with conditioned
media from macrophages
HGFs were cultured on TCP, PT, and SLA surfaces in 24-well
plates at a density of 5 × 104 cells per well either with or
without CM for real-time PCR experiments. After 3 days of
culture, total RNA was isolated from HGFs for detection of
the expression of collagen 1 (COL1), fibronectin (FN1), and
vinculin (VCL) genes using RT-PCR as previously described.
GAPDH was used as a housekeeping gene, and experiments
were performed in triplicate with three independent
experiments.
Collagen immunofluorescence staining assay
HGFs were seeded at a density of 1 × 104 cells per well in 12-
well plate either with or without CM. The culture mediumwas
changed every 2 days. At 14 days, the cells were rinsed with
PBS three times and fixed in 4% formaldehyde for 15 min.
Then, 0.5% Triton X-100 (Merck, Germany) was used to
permealize cells. Subsequently, cells were incubated with
polyclonal rabbit to collagen type 1 (1:100, Boster
Biological Technology Ltd., Wuhan, China) diluted in PBS
containing 2% bovine serum albumin (BSA, Roche) for 1 h,
followed by incubation with FITC-conjugated goat anti-rabbit
(1:200, Invitrogen) diluted in PBS containing 2%BSA for 1 h.
Finally, cells were reacted with DAPI for 3 min. After each
step, the cells were washedwith PBS three times. Images were
taken on an Olympus DP71 fluorescence microscope
(Olympus Co, Japan).
Statistical analysis
Statistical analysis was performed by one-way ANOVA for
real-time PCR analysis and quantification of collagen 1 stain-
ing analysis. Two-way ANOVAwas utilized for the cell adhe-
sion assay, cell proliferation assay, and average surface area
assay followed by Tukey post hoc test, using GraphPad
Software v.6 (GraphPad Software, La Jolla, CA, USA).
Statistical significance was set at p < 0.05. All data are
expressed as the mean ± SE.
Results
The effect of titanium on macrophage adhesion
and proliferation
The effect of surface topography was first investigated on
macrophage adhesion and proliferation (Fig. 1). It was







TNF-α CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA 122
IL-6 ATAGTCCTTCCTACCCCAATTTCC GATGAATTGGATGGTCTTGGTCC 93
IL-1ra CTCCAGCTGGAGGAAGTTAAC CTGACTCAAAGCTGGTGGTG 109
IL-1β TGGAGAGTGTGGATCCCAAG GGTGCTGATGTACCAGTTGG 128
IL-10 GAGAAGCATGGCCCAGAAATC GAGAAATCGATGACAGCGCC 96
IL-4 ACAGGAGAAGGGACGCCAT GAAGCCCTACAGACGAGCTCA 95
COL1A1 TCTAGACATGTTCAGCTTTGTGGAC TCTGTACGCAGGTGATTGGTG 134
FN1 ACCTACGGATGACTCGTGCTTTGA CAAAGCCTAAGCACTGGCACAACA 116
VCL TCAGATGAGGTGACTCGGTTGG TTATGGTTGGGATTCGCTCACA 103
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA 138
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observed that all surface topographies demonstrated high at-
tachment, and no significant differences were observed be-
tween all groups at 2, 4, or 8 h post-seeding (Fig. 1a).
Analysis of cell proliferation demonstrated that at 1 day
post-seeding; no difference was observed between control
TCP, PT, or SLA surfaces (Fig. 1b). By 3 days, however,
macrophages seeded on PT and SLA surfaces showed signif-
icantly higher cell numbers when compared to control TCP
(p < 0.001) (Fig. 1b). SLA demonstrated the significantly
highest cell numbers at 3 days when compared to control
TCP and PT surfaces (p < 0.001) (Fig. 1b).
Inflammatory gene expression of RAW 264.7 cells
cultured on titanium surfaces
Thereafter, gene expression of M1 and M2 macrophage
markers including IL-1β, TNF-α, IL-6, and IL-1ra expression
was investigated at 3 days (Fig. 2). It was found that RAW
cells seeded on rough SLA surfaces increased the expression
of mRNA levels of pro-inflammatory markers including IL-
1β, IL-6, TNF-alpha, and IL-1ra when compared to both TCP
and PT surfaces (p < 0.001) (Fig. 2a–d). Neither of the tissue-
resolving interleukins including IL-4 nor IL-10 demonstrated
any changes between all investigated groups (Fig. 2e, f).
M1 and M2 surface markers of RAW cells cultured
on titanium surfaces
M1 and M2 macrophage cell surface marker iNOS (M1) and
CD206 (M2) were then investigated utilizing immunofluores-
cence at 3 days (Fig. 3). It was observed that CD206 expres-
sion on both PT and SLA surfaces was visibly more apparent
than on TCP surfaces. No differences could be observed be-
tween PT and SLA surfaces (Fig. 3). Interestingly, the expres-
sion of iNOS, an M1 pro-inflammatory macrophage marker,
was seen visibly more highly stained in RAW cells seeded on
SLA surfaces when compared to TCP and PT surfaces (Fig.
3). This finding confirms previous mRNA data indicating that
SLA surfaces promote macrophage polarization towards the
M1 pro-inflammatory macrophage.
Human gingival fibroblast attachment to titanium
surfaces with conditioned media from macrophages
Thereafter, a series of experiments investigating the effects of
CM from macrophages on HGF behavior was performed.
First, HGFs attached to all surfaces with or without CM at 2,
4, and 8 h. At early time points (2 h), it was observed that
significantly less cells were found on TCP and PT surfaces
cultured with CM (p < 0.001) (Fig. 4b). Furthermore, control
SLA surfaces demonstrated significantly higher cell attach-
ment at 2 h when compared to control TCP and control PT
surfaces both with and without conditioned media (p < 0.001)
(Fig. 4b). By 4 and 8 h, a similar number of HGFs was ob-
served on all surfaces irrespective of surface topography or
addition of CM (Fig. 4b).
The morphology of HGFs was then investigated in the
presence or absence of CM at 2, 4, 8, and 24 h (Fig. 4a). It
was first found that after 2 h, cells had a round appearance
with very little spreading occurring at 2 h, whereas by 24 h,
cell spreading on all three surfaces became apparent.
Interestingly, the addition of CM to culture media tended to
inhibit the spreading of HGFs, most notably on SLA surfaces
(Fig. 4a). Analysis of cell surface area demonstrated that CM
significantly reduced cell surface area on both PT and SLA
surfaces at 8 and 24 h when compared to their respective
controls (p < 0.001) (Fig. 4c).
Human gingival fibroblast proliferation
At 1 day post-seeding, no significant differences were ob-
served in HGF numbers between all groups, regardless of
surface topography or the presence of CM (Fig. 4d). At both
3 and 5 days, however, it was found that cells cultured on
control SLA demonstrated significantly lower cell numbers
in comparison to control TCP and control PT surfaces
(p < 0.001). When CM was added to culture media,
Fig. 1 Effect of surface topography on RAW264.7 cell adhesion and
proliferation for (1) tissue culture plastic (TCP), (2) PT, and (3) SLA
samples. a Cell adhesion at 2, 4, and 8 h. b Cell proliferation at 1 and 3
days. Data are means ± SE. Double asterisks denote significant difference
between titanium surface and TCP surfaces, p < 0.001
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significantly lower cell proliferation was observed at both 3
and 5 days on all surfaces (p < 0.001) (Fig. 4d). Notably, the
addition to CM from SLA surfaces inhibited HGF cell prolif-
eration to a much larger degree between 1, 3, and 5 days
(p < 0.001) (Fig. 4d).
Human gingival fibroblast expression of collagen 1,
fibronectin, and vinculin
The effect of CMwas then investigated on gene expression of
COL1, FN1, and VCL at 3 days. It was found that CM signif-
icantly downregulated the expression of COL1 on all surfaces
when compared to their respective controls (p < 0.001) (Fig.
5a). Once again, SLA surfaces had the most pronounced and
detrimental effect whereby addition of CM significantly de-
creased COL1 mRNA levels over tenfold (p < 0.001) (Fig.
5a). mRNA levels of cell adhesion molecules including FN1
and VCL did not significantly change between control and
CM groups on all tested titanium surface topographies (Fig.
5b, c). On TCP, FN1 and VCL gene expression was signifi-
cantly higher with CM (Fig. 5b, c).
Collagen type 1 staining
Collagen type 1 immunofluorescent staining was then uti-
lized to visualize the extracellular matrix deposition of
Fig. 2 Relative mRNA expression of inflammation related genes: IL-1β,
IL-6, TNF-α, IL-1ra, IL-4, and IL-10 by RAW264.7 seeded on TCP, PT,
and SLA at 72 h. GAPDH was used as housekeeping genes (Double
asterisks denote significant difference between titanium surface and
TCP surfaces, p < 0.001. Single asterisk asterisk denotes differences
between titanium surface and TCP surfaces p < 0.05
Fig. 3 Immunofluorescence
images showing M1 and M2
surface markers iNOS and
CD206 of RAW cells,
respectively, on TCP, PT, and
SLA surface at 3 days post-
seeding. Higher staining intensity
was qualitatively observed for
iNOS on SLA surfaces when
compared to TCP and PT
surfaces, respectively (Bar =
100.00 μm)
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human gingival fibroblasts onto titanium surfaces (Fig. 6).
At 2 weeks post-seeding, COL1 expression on PT sur-
faces was visibly more apparent than on TCP and SLA
surfaces irrespective of CM (Fig. 6a). No differences
could be observed between TCP and SLA surfaces with
respect to staining intensity of COL1 (Fig. 6a).
Interestingly, COL1 staining of cells cultured on SLA sur-
face with CM was markedly and significantly decreased
when compared to SLA controls as well as to all other
surfaces (Fig. 6a). It was further observed that collagen
staining was in the SLA + CM group revealed staining
mainly concentrated within the cytoplasm of HGFs seed-
ed on SLA + CM surfaces with little to no extracellular
matrix deposition (Fig. 6a). Quantification of staining area
confirmed these findings and the significant loss of colla-
gen deposition when CM from macrophages on SLA was
added (p < 0.001) (Fig. 6b).
Discussion
The role of immune cells around biomaterials has been a topic
of study both in vitro and in vivo over several decades [38].
While research from over 20 years ago made it clear that cells
from the monocytic lineage were one of the first to come in
contact with various biomaterials [39], it is interesting to point
Fig. 4 Effects of surface topography and conditioned media (CM) on
human gingival fibroblast cell adhesion and proliferation on (a) TCP
control, (b) TCP + CM, (c) PT control, (d) PT + CM, (e) SLA control,
and (f) SLA + CM. a Spreading of human gingival fibroblasts cultured
with and without conditionedmedia (CM) demonstrated qualitatively less
cell spreading for cells cultured with CM when compared to their
respective controls. Cells were stained for F-actin (green) and nuclei
(blue). b Effects of surface topography and conditioned medium (CM)
on human gingival fibroblast cell adhesion at 2, 4, and 8 h post-seeding. c
Average surface planar area of cells. It was found that cells cultured with
CM showed significantly less cell spreadingwhen compared to respective
control cells. d Cell proliferation investigation revealed that cells cultured
on SLA showed significantly lower cell numbers when compared to TCP
and PT surfaces. Furthermore, cells stimulated with respective CM sig-
nificantly inhibited cell numbers at 3 and 5 days post-seeding; most no-
tably for SLA surfaces. Data are means ± SE. (Double asterisks denote
significant difference between titanium surface and TCP surfaces,
p < 0.001. Single asterisk denotes differences between titanium surface
and TCP surfaces p < 0.05. Data are means ± SE.) (Bar = 50.00 μm)
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out that despite widespread study of immune cell interactions
with various medical biomaterials [38], their role in implant
dentistry has largely been left unstudied [1]. In fact, a recent
systematic review gathering all in vitro studies relating to cells
and implant surfaces found that approximately 90% of all
published studies focused primarily on connective tissue be-
havior (either gingival fibroblasts or osteoblasts) while only a
small percentage (roughly 10%) was dedicated to immune
cells including monocytes, macrophages, osteoclasts, leuko-
cytes, and multinucleated giant cells [40]. This finding grossly
demonstrates the lack of study with immune modulation of
implant surfaces despite the fact that tissue integration is rou-
tinely found preceded by macrophage accumulation [41].
To date, much research has investigated the effect of surface
topography on cell behavior [12, 13]. It has been shown that
gingival fibroblasts tend to favor microroughened surfaces or
grooved surfaces capable of Bguiding^ fibroblast behavior [12,
13]. In an attempt to improve the soft tissue seal of transmucosal
titanium implants, recent investigations have shown that certain
nanotopographies may be utilized to guide in a predetermined
way the orientation of aligned collagen fibers on titanium sur-
faces both in vitro and in vivo [14–16]. Much of this work
originated from basic cell studies conducted in the 1990s dem-
onstrating that the order in which fibroblasts encounter substra-
tum topography and extracellular matrix could influence matrix
and cell orientation [17–22].
Despite the finding that surface microroughness may improve
gingival cell behavior, one of the drawbacks of increased surface
roughness is the pro-inflammatory response of macrophages in
contact with roughened surfaces.While one study has shown that
surface roughness increases regenerative molecules such as
transforming growth factor beta 1 as well as bonemorphogenetic
Fig. 5 Relative mRNA expression of (a) collagen 1 (COL1), (b)
fibronectin (FN1), and (c) vinculin (VCL) of human gingival fibroblasts
seeded on TCP, PT, and SLA at 24 h with and without conditioned media
(CM). Most notably, CM significantly downregulated mRNA levels of
COL1 on all surfaces; most notably on SLA surfaces. Data are
means ± SE (single asterisk denotes differences between titanium
surface and TCP surfaces p < 0.05; double asterisks denote significant
difference between titanium surface and TCP surfaces, p < 0.001)
Fig. 6 Immunofluorescence staining of collagen type 1 for human
gingival fibroblasts seeded on pickled titanium (PT) and Sand-blasted
with Large grit particles followed by Acid-etching (SLA) surfaces with
and without conditioned media (CM) at 2 weeks post-seeding. While PT
surfaces demonstrated slightly higher expression of collagen type 1 when
compared to all other surface, themajor findingwas that the addition of CM
from macrophages significantly decreased collagen type 1 expression
notably on SLA surfaces. a The merged fluorescent images of collagen
type 1 staining (green) with DAPI staining (blue). Bar = 50.00 µm. b
Quantified values of collagen type 1 staining in comparison to the control
TCP sample. Data are means ± SE. Double asterisks denote significant
difference between titanium surface and TCP surfaces, p < 0.001
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protein 2 [42], the majority of in vitro work to date has demon-
strated that roughness tends to increase pro-inflammatory cyto-
kine expression including IL-1beta, IL-6, TNF-alpha, and CCL2
[25–30]. Furthermore, roughened surfaces have also been shown
to increase monocyte chemoattractant protein-1 and macrophage
inflammatory protein-1alpha further contributing to subsequent
recruitment of macrophages and local inflammation [28].
While previous studies show that surface topography has both
an influence on fibroblast behavior as well as macrophage M1
polarization, to date, no study has investigated their inter-
relationship and inter-communication between these two cell
types. Therefore, the purpose of this study was to focus more
directlyonhowimmunecellsmaypotentiallymodulate fibroblast
behavior cultured on biomaterial surfaces. Herein, we confirm
previous findings that surface roughness significantly increases
pro-inflammatory M1macrophage phenotypes in the early peri-
od; however, we show how collected CM from macrophages
cultured on roughened SLA surfaces clearly and significantly
affect gingival fibroblast proliferation and decisively inhibit their
ability to form a collagen layer over the implant surface. This
striking and novel data demonstrates that CM frommacrophages
seeded on SLA surfaces significantly inhibited fibroblast prolif-
eration over twofold, and decreased collagen mRNA levels over
tenfold (Figs. 5 and 6). We therefore show convincingly for the
first time that in fact, immune cells play a muchmore prominent
role in tissue integration thandoessurface topography,andlargely
dictate the fate of biomaterial tissue integration. Future strategies
employed to better control macrophage polarization in response
to various biomaterials are thus warranted and necessary.
Another clinical aspect largely discouraging the use of rough-
ened surfaces at the transmucosal portion of the dental implant
has been the severe effects of increased bacterial adherence and
colonization onto rougher surfaces [43–45]. Therefore, and for
this reason, numerous commercially available dental implants
have employed more smooth transmucosal portions of the
implant/abutment interface spanning gingival tissues in order to
preventperi-implantdisease [46,47].That being said,Refai et al.
further showed that macrophages cultured with lipopolysaccha-
ride (LPS), a bacterial by-product commonlyproducedbygram-
negative bacteria, synergistically increased the release of pro-
inflammatory cytokines produced by macrophages within 24 h
[28]. Therefore, new strategies must be employed to counteract
someof these damagingmicroenvironments, especiallywith the
exponentially increasing rate of peri-implantitis suggested to be
in the rangeof11–47%for all implantsplacedafter10years [48].
Recently, a prominent group in Sweden working with den-
tal implants for over 30 years has begun investigating the
Bforeign body reaction^ around dental implants [49, 50].
While their key research topic relates to how cells derived
from the monocytic lineage are implicated in the long-term
equilibrium of biomaterials via the formation of giant foreign
body cells (GFBCs) [49–51], results contained within the
present study further demonstrate with convincing evidence
that these cells are in fact responsible for early biomaterial
integration and control cell behavior much more prominently
than does surface topography. Therefore, prominent research
is absolutely necessary and various biomaterial testing should
focus on the immune cell/biomaterial relationship.
Recently, several studies have demonstrated that the wetta-
bility of titanium surfaces may be an important factor contrib-
uting to the speed of osseointegration by demonstrating that
modified SLA (modSLA) surfaces decreased TNF-alpha,
IL1-beta, and IL-6expressionwhencompared tocontrolhydro-
phobic SLA surfaces and tended to promote the polarization of
macrophages to M2 macrophages in both in vitro and in vivo
[25–27, 31, 32]. Furthermore, some in vivo studies have inves-
tigated that shifts in macrophage polarization at the tissue-
implant interface from a pro-inflammatory (M1) to an anti-
inflammatory (M2)phenotype via variousmodifications to im-
plant surfaces may improve implant integration [52–55].
Therefore, it remains of interest to further investigate various
modifications to implant surfaces and their effect on macro-
phage polarization. Furthermore, it would be ideal to further
optimize the current in vitro culture system by utilizing human
primary macrophages as opposed to a murine cell line. It is
known that macrophage species has an influence of cytokine
secretion, and further investigation on this topic may provide
further valuable cues.While ourgrouphas shown in the present
study the importance ofmacrophages on gingival cell behavior
on titanium surfaces, it remains to be investigated howmacro-
phages dictate the cell fate of osteoblasts seeded on titanium
surfaces with varying topographies or diverse implant material
compositions including titanium alloys or zirconia implants.
Furthermore, since tissue integration of dental implants seems
to be modulated at least in part by immune cells, such as mac-
rophages, it remains to be investigated the potential genes/
molecular mechanisms driving this cross talk between macro-
phages and fibroblasts. Future research is therefore needed.
Conclusion
In summary, the present study shows that the polarization of
macrophages to a pro-inflammatory (M1) phenotype may
have a negative impact on gingival fibroblast behavior on
titanium surfaces. Roughened implant surfaces caused an in-
crease in the release of pro-inflammatory cytokines in the
early period that significantly inhibited the ability for human
gingival fibroblasts to proliferate on their respective surfaces,
whereas PT surfaces had a much less pronounced effect.
Furthermore, macrophage CM from SLA surfaces noticeably
inhibited the ability for HGFs to lay a functional collagen
matrix across the SLA surface, demonstrating the substantial
role of macrophages/immune cells on biomaterial integration.
Future study investigating macrophage polarization to bioma-
terial surfaces and more importantly their inter-play with
Clin Oral Invest (2018) 22:847–857 855
various regenerative cell types is necessary to further improve
biomaterial compatibility.
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